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Abstract

Flight control of small crew retomn vehicles during
stmospheric rcentty will be an important technology in
any human space flight missions undertaken in the
future. The control system prescuted in this paper is
applicsble to small crew retum vehicles in which
reaction control system (RCS) thrusters are the oaly
actuators available for attitude control. The control
system consists of two modules: (i) the - attitude
controlicr using the trajectory linearization control (TLC)
technique, and (ii) the reaction control system (RCS)
control allocation module using a dynamic table-lookup
technique. This paper describes the design and
implementation of the TLC attitade control and the
dynamic table-lookup RCS control aliocation for nominal
flight along with design verification test results,

1. INTRODUCTION

One of the goals of the NASA Orbital Space Planc
(OSP) program was to provide a small crew transfer
vehicle for the International Space Stxtion, using only
technology which had slready been matured to a level
suitable for human flight Two coneept vehicles
proposed to meet this challenge were a small winged
{ifting-body (WLB), and an sxiaksymmctric capsule
(ASC) sitnilar to the Apoflo reentry module. Both
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_ dve to minor airframe

vehicles used only RCS thrusters for.attitude control,
however the acrodynsmic characteristics are drastically
different. The techniques presentcd to comtrol these
vehicles during reentry consist of two modules: (i) the
attitude controller using the tmajoctory linearization
cotmnl(TLC)wchmqne,and(in)diemolallom
module using lookup table based dynsmic inversion and
dynamic torque matching tcchmique.

Nonlinear tracking and decoupling control by
trajectory lincarization! is onc of the advanced
noulincar control techniques that can be viewed as the
ideal gain-scheduling controller designed at every point
on the flight trjectory. A prototype trajoctory
linearization controller (TLC) design for the X-33
ascent? and entry” flight phases was developed under
NASA MSFC Advanced Guidance and Control Program
and NASA Space Launch Initigtive NRAS-30%55. For
cach flight phasc, the controller hss only 36 tunsble
gains that remain constant for nominal flight,
dispersions and failure conditions. Initial testing of the
TLC ascent and entry controllers showed encouraging
results, During the 2003 NASA MSFC Integration and
Testing of Advanced Guidance and Control (ITAG&C)
program’, the TLC control algorithm was able to fly the
most dispersion and faiture test cases. In fact, the only
test cases that the TLC design could not fly were the
cases that no other algorithms could fly at that time.

The TLC cmploys an open-loop controller that
acquires the nominal guidance trajectory, and & closed-
loop controller that asymptotically eliminates (stabilizes)
the guidance command tracking error due to vehiclc and
environmental dispersions and  vehicle  failures.
Therefore it provides robust stability and performsnce
at all stages of flight without interpolation of controller
gains, thereby eliminating costly controller tedengns
gslteration or mission
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reconfiguration. The TLC computes the commanded
torque symbolically based on the theoretics!
derivations, which are gpplicable to any feasible
trajectorics and airframes with known mass propertics.
Therefore the design is vehicle scalable and mission
adaptable. In particular, it should be applicable to the
WLB and ASC without much altcration.

To examine and demonstrate the vehicle scalability
and mission sdsptability of the TLC control technique,
the TLC control algorithm is applicd to both of the
aforementioned crew transfer vohicle models in entry
flight phascs with a set of fixed gaims for the nominal
flight conditions. The gain parameters along with initial
design verification test simulation resolts are presented
in this paper. The verification simulations are performed
in IDOS, which is a MATLAB/SIMULINK 6-DOF
launch vehicle simulation enviromment, developed by
Universal Space Lines LLC under NRAS-308,

Another flight controller design challenge for the
crew return vehicles is the control allocation, which
reslizes the attitnde controller’s torque command by
sclecting RCS thrusters, or deflecting  aerodynamic
control surfaces if they are available. The only gveilable
control cffectors for the WLB snd ASC concept vehi-
cles gre RCS thrusters with limited foel. The discrete-
time, discrete-thrust nature of the RCS control not only
introduces large errors in the control torque realizetion,
but also introduces high-frequency noises and signifi-
cant delays in the control loop. These problems will
increase puidance command tracking errors and
decrease the robustness and stability margin of the
attitude control. Further compounding the problem is
the sensitivity of the vehicle dymamics and RCS control
to the offset of vehicle CG. The lage nomber of
attainable control moment (ACM) vectors from sl
combinations of the RCS thrusters, while providing
redundancies in case of RCS fuilures, renders control
allocation by cnumeration of the ACM vectors

A lookup tablc algorithm is presented to compress
the large amount of ACM veetor data into a format
which can be used to quickly generatc g set of RCS
thruster commands to closely match a commanded
vchicle body torque. Common practices in coutrol allo-
cation”10 seck to map instantancous torque commands

. to the vehicle control surfaces and/or RCS thrusters.

An altemnative approach is a dynamic allocation where
the torque is allocated by matching & commanded

_ torgue over a past time interval, or matching a torquc

impulse. In addition, the RCS actuator dynamics will be
accounted for by a dynamic pseudo-inverse, Preliminary
control allocation results arc included in this paper.
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Following this introduction, Section 2 presents an
overvicew of the gencralized TLC contro]l method

applicable to reentry space wehicles, The table lookup
coutrol allocation mcthod is presented in Section 3.
Prcliminary simmulation and verificstion results from
IDOS are presented in Section 4. Section 5 concludes
the paper with a summary of the main results and issves
that need to be addressed by farther rescarch..

2. Trajectory Linearization Attitude
Controller
Consider output tmckmg by a noolmear dynamu:
system .
E(2)= FIE(). ps(2), 0(t)) - m
(t)= h(E(t), s(t), 6(2))

Where £(t) denotes the state trajcetory, 7(t) the ourput
trajectory, p(t) the control input, and 6(t) timc

" dependent perameters, Let £(t),7(¢), G(t) be the

nominal state, output trajectorics and nominal control
satisfying
€(+)= AE@).E®,8(1))
i(t) = h(E(t), 5(t),0(¢))
Define the state and output tracking errors, and the
tracking error contro! input by
E(t)=€(t)-E()
7(2)=n(¢)-7(t)
A(t)=p(t)-5(t)
The nonlincar tracking crror dynamics can then be

- written a8

&t)= (E(0)+E), B+ 1), 8(2))
- £(€(1). (1), 6(t))
= (), ), 002), E@), )
)= h(E(1)+ &), B)+ is(e), 0(8))
. —h(Em,E@®,00)
= H (&), o), 6(¢), o), Blt))

Asymptotic tracking can then be achieved by a 2
Degrocs-of-Freedom (DOF) controlier consisting of. (i) &
dynamic inverse /O mapping 1+ s of the plant to
compute the nominal control 7i(t) for any given nominel
output trajectory 73(t), and (ii) a tracking etror stabilizing
contro] law fi to account for modeling uncertainties,
distorbances snd  initisl conditions.The overall
controller configuration is given in Figure 1,
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_ Figure 1. Noulinesr Tracking System
Counfigaration

" The trajectory lincsrization tracking controller uses .

a linesr time-varying (LTV) stabilization controller to
stabilizc the nominal (command) trajectory ) with-a
lincar state feodback control lew ji =K (¢)£(t). For the
WLB and ASC flight controllers, the LTV control law
will be computcd using parallel-differential (PD)-
cimsmhucassigmnent.Admﬂedtbemeﬁcalbwk-
groumd on nonlinear inversion and PD-eigeustructure is
given in' . To make this paper scif-contained, the main
design results are summarized below.

State varisbies of the WLB and ASC attitude
equﬂ!iuusofmﬁoninenuymdlmmahnbmﬂiglnm
the acrodynamic angle vector nand body rate vector wr;
and the control input is the body torque vector T,
which are given, respectively, by

B -

where &, u.mdﬂmthebmk,angleof:mck.md
sideslip angles; p, g, and r are the roll, pitch, and yaw
rates; and T}, Tm, T are the rol), pitch and yaw
moments about the vehicle conter of gravity duc to
airframe and cootrol surface aerodynamics, and RCS
thrasts. The kinematic cquetions 7) = fip(7), ) are given
by:
b = [poos(a) + rsin(d))/cos(4 + iein(®) @)
— tan(B) [costd ) cos(p) — Zaocat|G/V
& = g — tan(B) [peos(a) + rsin(a)]
+ [cos(?) c08(p) — Zaceel] G/ V/co0s(h)
B = psin(c) —roos(a)
+ [oos(9)sin(p) ~ YaceallG/V

where ¥ is the heading angle, 9 is the flight path angle,
V is- the magnitude of the relative velocity, G is the
gravitational constant, Yaceet and Zpcec) 8t the latoral
and normal accclerations in the Wind Frang,
rospectively. The body rate dynamic equations w=

e fuke, J I
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p=Topa+Lfpar+dg (CN,P+C§v,"+3i) ()
+g,’;(0~,p-i-CNrr+T,,,) )

q=1, P+ Br? + I pr+o, (Cu,q+Tm)

T= I;qpq+f¢,.qr+g;' (C;,p+05,r+fl‘;)
+(Cn,p+ CN,r+T)

where I, o, ctc. are coefficicnts consisting of the
momem:ufmcnh,

c =%§-,. cL,_%rL-'
oM
CM":E.
oN BN
= N

are the dynamic derivatives, and J is the inertia matdx

Ig 0 ~Ix
Owing to the block-triangular form of the equations
of motion(2) and (3), the plant admits an inner-outer
loupeonmucrdesimwhid\giuﬂydmpliﬁesdnm-
cigenvaluc assignment and the nonlinear dynamic
inversion. However, the validity of this design reats on
therequimnentthntdlcimerloopdymnﬁcsmbe
mﬂicimlyfastsoummndaituuingularpmfba-
ﬁqtotheumloop.mmjeemfylinaﬁaﬁm
controller configuration shown in Figure 1 is applicd to
both the attitade crror feedback loop and angulsr rate
error feedback loop.
For attitude angle tracking, the nominal body rate
w=[F T TV isgivenby .
F =Poos(8) - [sin(P) ~ Yacol S(RG/V )
— xsin(¥) cos(@)
7 = — (cos(P) — Zucxa)G/V
¥ = Bsin() + [50(p) — Yaoeell c0S@G/V
~ xsin(d)sin(3)

Fotbodyntc‘t_unking,dmnpminﬂbodywmuc
T[Ty Tm Tnll. assuming Iey =T =0, is
givenby
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Ty= Iﬂi‘_""' ( Iy —Ig)av (5)
~ Ia(F+§P) - O, 7 - CLF
Tm= Imﬁ"‘ (Tex — Ig)Pr
+ 12 -72) - Cy,3
T = Lt + (I ~ I=)0P
+ Iy (7 —p) ~CON,F— CN,T
Integral. feedback is employed for disturbance accom-

modation and robustness to paramctri¢ uncertainties.
The attitude and rate fracking error state variables are

defined, rspectivdy,.by

[ fp — ¥eom)dt J (P~ peom)dt
¢ —poom | P = Peom
- R~ ocom)dt _ (9~ qcom)dt
g = @ — o 3 “‘.l‘ - g~ ¢
KB — Boom )it f_("‘f‘eom)tu
L B~ foom . T~ Tcom

where commanded bank angle, ocom and commanded
angle of attack, ocom re given by the closed-loop entry
guidance, and the sidcslip angle foom = 0° must be
tightly regulated The proportional-integral (P1)
feedback control law for the attitude loop tracking error
is given byu1——K1(t)n.5,whﬂtﬂre@innunix
K; (t) is computed symbolically as

Ky(t)= ©)

kg k2 O ¥ kus kue

0 k22 aiax e1zz 0 Kz

k131 kizz2 0 -7 kian k136

where

k111 = cos(d) 11
k113 = cos(@) a12 + 8in(@) cos(P)G/V
k115 = sin(a) aa31
k116 = sin(7) 132 :
— (c08(B) — Zacer) cos(@)G/V
k= —sin(E)G/V
k126 =— [P cos(a) + T sin(@)]
k131 = sm(@) @
k132 = sin(@) a112 — cos(&) cos(p)G/V
k135 = —cos(@) mm
k136 = —cos(&) 132
— [c08(P) — Zaccet] N (B)G/V
Similarly, the P feedback control law for the rate loop
tracking ervor is given by ug = —K; (t)wmg. The gain
matrix K2 (t) is computed symbolically by

Ky(t)= .M
k2 k12 0 k:me ks ke

0  kggp koo k224 O knas

k131 kiaz 0 kaze kaas k2se

where

k211 = Iz o211 _

k2 = Ie(I5, T +ami2) — I 5o 9+ C,
k214 = Taz(TRg P+ 15 T) = Tas([5g P + I, 7)

k215 =—Izz 0331

k216 = Ies /5§ — Ica(Tge G+ 0232) + C,

kana = L2155+ T 7)

k223 = Lyo21

k234 = Cn, + Iyoaz2

k226 = Iy(2 £, ¥ + I, 7)

kzd) = —Irz 0211

k232 = I oy G — Isz(lf,’,,?i + m212) +Cn,

ka3e = Taa(lp B+ I T) = La(B P+ I, T)

k235 = Iz onm

k2as = In(I5,. T + 0um2) — L JG T+ ON,

In the above gain matrices K (t) and Ka(z), the
paramcters oy;(t), €=1,2, j=1,2,8, I=1,2 a
obtained from the closed-loop quadratic PD-cigenvalves

aat)=-(Gi = 1-G)udy®  ®
for G5 941,wiﬂ|consnmdunpingC¢jmdﬁmmyﬁtg
bandwidth wy; j(t) as follows

' aiji(t)= “’z;j(t) ’ ©

niq(t
0:']2(9)=2Cijwnij(t)-:n'li§%

Closed-loop stability with respect to the equations of
motion is egublished for (ij > 0 and wnij(£)>0, for
all £ > 0. As a constraint of the singular perturbation
method, the inner loop bendwidth wngj(t) must be
sufficiently greater tham the outcr-loop bandwidth
wn1j(t) to ensure stability. In addition, $ij =1.0
should be avoided. The time-varying bendwidthwn) 5
can be used for adaptation ta vehicle and environmental
dispersions and control cffector failyres.

The reference signal for the outer loop is the
commanded attimde reom = 7. The inner loop reference
is the commandcd body rate weom =@ +uy. The
controller output is the commanded torque
Teom = T'+ ug, which is the input to the control
allocation unit. The commanded torque is realized via
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the neural network based control allocation unit
discusscd in the following section.

Due to the integral (high-gein) control, loss of
control authority due to excessive disturbsnces such ax
wind gust, vehicle dispersions such' as overly estimated
control effectiveness, and control effector feiture such
as loss of one or more RCS thrusters, will result in
torque command saturation, This in effect increases the
level of singular perturbations to the outer control
loaps, which may result in petformance dogradation or
even loss of stabifity, By the singular perturbation
theory, reducing the cuter Joop bendwidth accordingly
can ensure stability and performance, although thc
overall response time will be longer, The time-varying
bandwidth capability of the PD-cigenvalue sssignment
technique aliows the wvchicle to adapt to scvere
dispersions and partial control effector faitures without
explicit fault identification. This is known a5 direct famit
tolerant control, and has been demonstrated to be very
effective under the NRAS-30 Program' !,

The overall flight comtroller consists of 6 Pl
controllers, one for cach channel in the inner and outer
loops (note that the outer loop is cffectively controfled
by 3 proportional-integral-devivative (PID) controller, as
the imner loop serves as a derivative feedback), Each
channel has 3 nominal controller containing a psendo-
differentiator. With & constant ratc time-varying band-
width wnij(t), each channel in a loop has 6 constant
design panameters to be tuned for stebility and
performance, The total number of tumable design
parameters is 36, which include: Uulk,diﬂ',k=l.2,3,
which are the bandwidth of the outer loop pseudo-
differentiator for the roll, pitch and yaw channel, respee-
tively; {13, which is the damping ratio and wiy gk min+
Walkmax Which are the lower and upper limits of the
closed-loop bandwidth for the attitude error dynamics;
Wnlkdoc 20d Wnikinc Which are the decrement and
increment of the outer loop bendwidth per control cycle
when any of the control momeat command exceeds or
recedes the maxinmmum attainsble moment in that channel
(torque command saturation), respectively, The inner
loop counterparts w2k &y {2k Wn2kmins Ch2kmax:
Wagk doc 304 W2k inc, k=1,2,3, are defined similarly.
These constant design parameters, once tuned, arc used
for all nominal and abort flight conditions without
altcration.

3. Control Allocation Design

The commanded torque Tcgm generated by the
trajectory linearization attitnde controller is rcalized via s
control allocation unit that produces the corresponding
RCS firing command &, which is an N-dimensiomal,
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binary-valued voctor, where N is the number of

thrusters, the th entry &;corresponds to the ith

thruster's on-off command with &; = 1 for thruster on,

and §; =0 thruster off. It is a common practice to

formulate the control altocaﬂonpfoblanuﬁndrml 5
such that

T = B5 = Teom (10)

where B is the thrust-to-moment table for all RCS .

thrusters, or the contro] effectiveness matrix, which can
be obtained from a given vehicle RCS configuration.
The control allocation, or the RCS thruster selection

logicdmgnthusamuuntstoﬁndingmmvem

mapping Tcom — 6.

TheWLBmdd\eASCbodlemployonlyRCS
contro] cffectors. For a vehicle configuration with N
RCS thrusters, the total number of attainable control
moments is 2V, which constimutes the attainable
moment sct in the roll-pitch-yaw moment space. To
cnsure effective attitude control and guidance command
tracking, and to minimize RCS foel consumption, it is
desirable that the attsinablc moments be distributed
evenly in the moment spsce.

The range of moments attainable from the 16 RCS
thrusters on the WLB are shown in figures 2-4, the
moment range attainable from the 12 thrusters on the
ASC are shown in figures 5-7. Thesc figores show the
cntire set of attainsble momeats in each channel from
least to greatest magnitude. The sepmeawn with gaps
between adjacent points on the lincs indicate
unattainable moments within the range. The roll
motment sets for both configurations indicate a number
of roll moments that are unattainable by any
combination of thruster firings The ASC has
particularly uneven roll moment distribution, which
greatly reduces the controllability of the vehicle.

The distribution of moments in onc channel with
respect to another channel is important in detcrmining
the ability of a control allocation algorithm to wmcet &
large combination of commanded roll, pitch, and yaw
moments. The distribution of momeots in the moment

space are shown in figures 8-10 the WLB, and figures '

11-13 for the ASC. A dense, even distribution such as
the pitch vs. ysw moment plot for the WLB in figure 10
is desirablc becavse it indicates that almost amy
combination of pitch and yaw moments cap be rcalized.
On the other hand, a distribution such as the roll va.
yaw plot in figure 12 for the ASC indicates that for any
desired yaw moment, there are fow corresponding roll
moments, which also reduces the controllability of the
vchicle about the roll axis.

It is noted that at high angles of attack, both
sideslip regulation and bank command tracking requirc
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coordinated roll-yaw comtrol. Thus the attainable
stability margin and guidancce command tracking
performance csn be improved significandy if the
orientation and location of the thrusters can be adjusted
within the vehicle configuration constraints so as to
improve the distribution of the attainable roll-yaw
moments. In fact, the distribution of attainable moments
from a timuster configuration can be significamly

improved by making slight adjustments in thc plume
* directions of a fow thrusters. Given the impact of
moment distributions on the controllability of a vchicle,

it wonld be prudent to addrcss this issuc early in the
vehicle design stage.

Due to the binary-valued RCS control cffcctor
vector &, the inverse mapping cannot be constructed
using a pscudo-inverse of the B matrix in equation (10).
Thruster allocation by tablc lookup is a simple algorithm
capable of finding & set of RCS thruster commands that
produces 2 body torque which closely matches the
commandcd torque. The lookup table mcthod is the
most accurate way to allocatc control to the RCS
thrusters doring nominsl flight. Since the majority of the
computations sre done off-line, the Jookup table can be
configured to trade off accuracy for other
considerations such as computational power, memory
limitations, focl consumption, etc. The drawback is that
in order to accommodate off-goming! events such as
thruster feilores, a different lookup table would be
needed for each cvent, which may not be feasible with
limited onboard computationsl resources,

The Jookup table is constructed by first discretize
the range of attainable control moments along the roll,
pitch, and yaw axes with a desired resolution. The
discrctized moment values along cach axis are ordeved
monotonically increasing to prodnce a roll, pitch, and
yaw moment anzlog-to-digital conversion (ADC) vector,
respectively, so that cach discrete intcrval along the roll,
pitch, and yaw moment axcs can be indexed with an
integer, and each discrete (rectangular) cell in the
amainable moment set can be indexed with a 3-
dimensional index vector that serves as the indiccs for
the lookup table,

Each attsinablc moment ix represented by an N-
digit binary number comresponding to the RCS thruster
firing combination 8. The lookup tablc is then construct-
ed by choosing one attainable moment from cach cell.
Bach cell of the table is thus filled with an integer
corresponding to the binary aumber. If there are more
than one attainable moment in a ccll, the one that uscs
the least mumbcr of thrusters will be chosen. If a cell is
empty, thon an artainable moment from a nearby cell that
is in a certain sense closcst will be choscn,

A trade off betwecn accuracy aud computational
constraints can be met by adjusting the rcsolution at

which thc moment ranges are discretized. Since the
discretized ADC vectors nced not be the same length, 2
certain chame]l may be favored by discretizing the
moment set of that channel at a higher resolution. The
method of determining the closest cell to an empty ccll
can also be tailored to favor a certain channcl by only
scarching along the other two axes. A logic algorithm
could produce one of several tablcs with .different
performance characteristics besed on current vohicle
conditions. .

Lookup tables were ereated for the WLB and ASC

thruster configurations. The tables for both used 60 -

partitions along each axis which resulted in lookup
tables with 60° clements. The lookup tablcs were then
uscd to find thruster commands to meet the torque
commands from a typical entry torque command profile.
The. body torque induced by the thruster commands
found from the lookup tables arc plotted over the
commanded torque in figures 14-16 for the WLB, and
figures 17-19 for the ASC.

4. Simalation Test Results

At this time, preliminary test results for the TLC
controller are shown in Figures 20-31. The test
simulstions were performed in TDOS, which is a
MATLAB/SIMULINK 6-DOF launch vehicle simulation
enviroament, Figures 20-22 and 27-28 show outer-loop
tracking performance for the WLB and ASC,
respectively. Figures 26-28 and 29-31 show inner-loop
tracking performance for the WLB and ASC,
respectively. Although the two vehicle models differ
drastically, in these initial tests the TLC controllers for
these two vehicles used the same gains. Whilc further
tuning with increased fidelity of the models will likely
lead to diffcrent gains, the current resuits have
demonstrated  the * vehicle scalability and mission
adaptability of the TLC control techmigue.

5. Summary and Conclusious

In this paper wc have domonstrated the vehicle
scalability and mission adaprability of the tmajectory
lincarization comtrol (TLC) technique by applying it to

the design of entry flight controllers for two drastically -

different small rcentry vehicle—e winged lifting body
configoration and an axial-symmetric capsule con-
figuration. Initial test rcsulis showed satisfactory
performance with the same constant controfler gains.
Moreover, cach flight controller only uses 18 constant

"controller gains when no adaptation is employed, and

with 36 constant controller gains direct fault tolerance
adaptation can be implemcnted.

PAGE 87/13



383-977-4822

Tn addition to the TLC attitude controller, a uble-
look up RCS comtrol allocation design method is
presentzd. The method is simple yet effoctive, 85 has
been demonstrated with prelimingry test results. The
design presented hercin is only the first step of a
dynamic control allocation technique. Additional work
is being performed to implement the dynamic table-
l_oolmpmcﬂ:odwhidpmvidabmm].ofdp
commandod torgue over & recent past interval of time,
rather than the matching the instantameous torquc
command. . .
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